We present here a new assay that is based on the idea of the molecular beacon. This assay makes it possible to investigate two proteins interacting with DNA at two binding sites that are close to each other. The effectiveness of the test depends on the exclusive binding of three DNA fragments in the presence of two proteins, and the monitoring of the process depends upon observing the quenching of two independent fluorescence donors. As a model we used the components of the heterodimeric ecdysteroid receptor proteins ultraspiracle (Usp) and ecdysone receptor (EcR) from Drosophila melanogaster and a response element from the promoter of the hsp27 gene. The response element consists of two binding sites (half-sites) for the DNA binding domains (DBDs). We have shown that protein-protein interactions mediate cooperative binding of the ecdysteroid receptor DBDs to a hsp27 pal response element. The analysis of the microscopic dissociation constants obtained with the DMB led to the conclusion that there was increased affinity of UspDBD to the 5 0 half-site in the presence of EcRDBD when the 3 0 half-site was occupied, and increased affinity of EcRDBD to the 3 0 half-site when the 5 0 half-site was occupied.
INTRODUCTION
Proteins which bind to DNA often form oligomeric complexes. Such complexes have been observed for a lot of nuclear receptors which function as homo-or heterodimeric proteins, e.g. homodimeric steroid hormone receptors (GR, MR, PR, AR, ER), orphan homodimeric receptors (RXR, COUP-TF, HNF-4, revErb) and heterodimers with RXR (RAR, TR, VDR, LXR, NGFI-B, EcR) as well as yeast transcription factors such as MATa1 and MATa2, a complex required for the repression of mating type genes in a cell type-specific manner (1) (2) (3) (4) (5) (6) . Functional ecdysteroid receptor, which was used as a model for the present studies, consists of two proteins: EcR and ultraspiracle (Usp), products of the EcR and Usp genes (7, 8) . Usp is a homolog of the human RXR protein (9) . The EcR/Usp heterodimer regulates transcription in insects through a hsp27 pal natural 20-hydroxyecdysone response element (HRE), which is an imperfect palindrome from the promoter region of the Drosophila melanogaster hsp27 gene (10) . Previous analysis of EcR/Usp interaction showed that UspDBD acts as a specific anchor that preferentially binds the 5 0 half-site of the hsp27 pal (hsp27 pal-5 0 ), and thus places the EcR/Usp complex in the defined orientation (10) (11) (12) (13) (14) . Moreover, we used FRET technology to study the UspDBD/EcRDBD-hsp27 pal complex topology. Fluorescence data indicated that UspDBD determines the architecture of the heterocomplex UspDBD/ EcRDBD which is caused by significant deformation (DNA bending) of the response element, whereas EcRDBD plays the role of a specific helper molecule (15) . Neither protein forms a complex in solution in the absence of the response element.
The study of protein-DNA interactions is currently one of the fastest developing fields of molecular biology. Some of the techniques can be used to identify DNA binding proteins, giving direct information on the molecular basis of the interaction-the location of the DNA binding site, the strength and specificity of binding or of protein binding on gross conformation and the local structure of DNA. Quantification of the level of activity of specific proteins is one of the most commonly performed experiments in biomedical research. Determination of the DNA binding affinities can be done by, e.g. the filter binding assay, SPR measurements, steady-state fluorescence measurements and sometimes under appropriate conditions the electrophoretic mobility shift assay (EMSA). EMSA can often allow the resolution of multiple species of DNA-protein complexes, but the most important limitation is the lack of equilibrium during electrophoresis (16) . The purpose of our work was to propose an analytical method which would help us to precisely define the affinity of the two-protein receptor to DNA and the interaction mechanism of both proteins with each other. The respective dissociation constants (but not the cooperativity factors) were compared to the fluorescence anisotropy data, and the results obtained with the help of molecular beacons with a single FRET donor-acceptor pair (17, 18) . We believe that in the future it would be possible to use a similar system in biosensors. EMSA measurements were done as a qualitative control of the newly formed protein-DNA complexes.
Using molecular beacons (MB) for DNA binding proteins is a recently developed technology (19, 20) that attempts to overcome the limitations of antibody usage or the necessity of applying expensive methods like, for example, surface plasmon resonance (21, 22) . MBs have historically been used as hairpin-shaped oligonucleotide probes that report the presence of a specific target sequence. When bound to their targets MBs undergo a conformational reorganization that restores the fluorescence of an internally quenched fluorophore. MBs are usually oligonucleotide probes that can indicate the presence of particular nucleic acids in solution (23, 24) . Interestingly, molecular beacon assemblies can also detect sequence-specific DNA binding proteins (17, (25) (26) (27) (28) . This type of test depends on binding exclusively in the presence of protein, two DNA fragments, which together form the protein binding site. We have also recently demonstrated a solid-phase immobilized MB designated for protein-DNA interaction studies. The system was successfully applied to detect the sequence-specific interaction of a natural response element from the promoter of the hsp27 gene with the DNA binding domains of ecdysteroid receptor proteins (18) .
The sensitivity of the typical stem and loop test was improved and described previously. The enhanced test used a four-component system of complementary oligonucleotides with double fluorescence resonance energy transfer (FRET) (29) . It was based on the idea of binding three ss 9-mers to the target ss 27-mer labeled with three fluorescence probes (one donor and two acceptors) to form a fully assembled dsDNA. A single base mismatch could be detected with the described double FRET system. Similar MBs with two FRET-pairs were described previously (30) (31) (32) (33) . They usually consisted of two ordinary MBs whose fluorophores formed one donoracceptor pair. Both MBs used sequences complementary to adjacent regions on the same oligonucleotide target such that FRET occurred only when both beacons were hybridized to the target (33). The system was successfully used for mRNA detection in living cells and for monitoring changes of mRNA level and mRNA cell localization (34) .
In this article, we present the dual FRET assay (DMB) for the independent quantitative analysis of the binding affinity of dimerizing DNA binding proteins with two specific DNA sites in proximity to each other. We have developed a new approach using a 64-bp fragment of hsp27 pal labeled with two donor-quencher pairs. The DNA sequences were designed to hybridize with complementary fragments only in the presence of the protein molecule(s), and they were chosen in such a way that the protein binding sequences were divided into three parts (Left, Middle and Right) and two of them (Left and Middle or Middle and Right) were necessary for binding each protein ( Figure 1A) . Reconstitution of the regulatory sequence brought each of the FRET-pairs into proximity and led to fluorescence signal quenching as a result of the resonance energy transfer between the donors and the quencher probes. Since the design of the described assay is not limited to any specific protein, it would be possible to develop a DMB for a variety of target proteins which recognize specific DNA sequences. Quantification of the microscopic dissociation constants ( Figure 1B ) of both ecdysteroid receptor forming protein DBDs showed that the binding clearly displays a cooperative character.
MATERIALS AND METHODS

Double FRET molecular beacon preparation
The following oligonucleotides were used for DMB preparation:
, where: D, dT-dabcyl (dT-DAB) and B; dT-BHQ-3, fluorescence quenchers; FL, fluorescein; and Cy5.5, fluorescence donors.
Setting up a DMB requires three independent fragments (L, M, R) ( Figure 1A ). We prepared two annealed fragments of respective sequences of O1-O5 (L) and O3-O4 (R). M corresponds to the ssDNA O2 sequence. A 9-bp overhang from the L duplex was complementary to the 5 0 half of the M sequence, labeled with the nonfluorescent energy quencher dabcyl. The R duplex contained a 9-bp overhang complementary to the 3 0 half of the M and labeled with the nonfluorescent energy quencher BHQ-3. Both O1-O5 and O3-O4 oligonucleotide pairs of 10 mM concentration were mixed in a 50 mM Tris buffer (100 mM NaCl, 5 mM ZnCl 2 , 1 mM DTT, pH 7.8 at 25 C) heated to 96 C for 1 min and then cooled to room temperature for 2.5 h to obtain DNA duplexes. Hybridization of L, M and R caused the reconstruction of the full-length DNA duplex (64 bp; shortened in Figure 1A ) containing the hsp27 pal response element sequence (10 C) at 25 C. In order to interpret the fluorescence data, the emission spectrum of the oligonucleotide labeled with one donor (FL) should be separated from the absorption (excitation) spectrum of the second donor (Cy5.5) to limit the FRET between them. The spectra of the dyes which was used exhibited a small, negligent overlap between the FL emission spectrum and Cy5.5 absorption spectrum (Supplementary Figure S1) .
Protein preparation
The expression and purification of the UspDBD and the EcRDBD proteins was performed as previously described (13) . To improve the final purity of the proteins, one additional step was added to the procedure. In particular, DBD that contained fractions from the glutathioneSepharose 4B (Amersham Biosciences, Freiburg, Germany) column were applied to a heparin-Sepharose CL-6B (Amersham Biosciences) column equilibrated with a 20 mM Tris buffer (150 mM NaCl, 1 mM DTT, 5 mM ZnCl 2 , pH 7.8 at 25 C). Fractions of 1.0 ml were eluted at a flow rate of 0.25 ml/min with 10 ml of an equilibration buffer and then with 10 ml of the same buffer containing 400 mM NaCl. The DBD was eluted with 10 ml of the equilibration buffer containing 650 mM NaCl, concentrated with an Amicon Ultra-4 centrifugal filter device (Millipore, USA) to about 0.2 ml, and applied onto a Superdex 75 HR (Amersham Biosciences) column operated as described previously (35) . The DBDs were found to be at least 98% homogeneous when analyzed by SDS-PAGE densitometry (not shown). The concentrations of the protein samples were determined using the following absorption coefficients: 7000 M À1 cm À1 (UspDBDs); 5840 M À1 cm
À1
(EcRDBD) (35) .
EMSA procedure
EMSAs (35) were performed using the Protean II electrophoresis system (Bio-Rad, USA). Briefly, the indicated amounts of protein(s) and 60 pmol of the appropriate oligonucleotide(s) were incubated for 30 min on ice The overall design of the DMB assay for determining the dimeric DNA binding protein affinity to the DNA response element with microscopic dissociation constants (k nn ). The association of two-donor-labeled middle (M) ss-DNA fragments and two quencher-labeled DNA half-sites (with a 9 bp overhang) in the presence of two proteins (PROTEIN 1 and PROTEIN 2). FL (fluorescein) means fluorescence donor, DAB (dabcyl) is the fluorescence quencher, Cy5.5 is the fluorescence donor, BHQ-3 is the fluorescence quencher, L the left DNA duplex and R the right DNA duplex. High FRET was observed when FL was in close proximity to DAB, and when Cy5.5 was close to BHQ-3.
in a final volume of 25 ml in a 50 mM Tris buffer (100 mM NaCl, 5 mM ZnCl 2 , 1 mM DTT, pH 7.8 at 25 C). The receptor-DNA complexes were separated from the free DNA in a 12% nondenaturing polyacrylamide gel (20 Â 16 Â 0.15 cm) run in a 0.25 Â TBE buffer (22.25 mM Tris, 22.25 mM borate, 0.5 mM EDTA, pH 8.3 at 25 C) immediately after incubation. The experiment was performed at 25 C and 4 C. The gel was prerun at 160 V for 90 min. After applying the samples the electrophoresis was continued for 480 min at 270 V. Gels were stained with Stains-All dye (Sigma-Aldrich, USA) using the protocol described previously (37, 38) .
Fluorescence measurements
The spectra of oligonucleotides labeled with the fluorescence probes were recorded with the Fluorolog-3-21 fluorometer (Spex, Jobin Yvon Inc., France) in 115F-QS quartz cells (Hellma, Germany) using an excitation wavelength of l EXÀ1 = 497 nm for the FL-modified oligonucleotide and l EXÀ2 = 675 nm for Cy5.5. Titration experiments were done with a Microlab 500 automatic titrator (Hamilton, USA) in a 101F-QS quartz cell (Hellma, Germany). The changes in the fluorescence intensity of the DNA titrated with proteins were corrected for the dilution effect and the decrease in the timedependent fluorescence signal of the fluorophore-labeled oligonucleotides. The control measurements were done in the same manner as described above, except the solution of unlabeled oligonucleotide or Tris buffer replaced the labeled oligonucleotide or protein solution, respectively. All measurements were performed in a 50 mM Tris buffer (100 mM NaCl, 5 mM ZnCl 2 , 1 mM DTT, pH 7.8 at 25 C) at 25 C.
Estimation of the dissociation constants
The two-step experiment consisted of equilibrium titrations of the middle DNA fragment (M) which was doubly labeled with fluorescence donors (FL and Cy5.5). The left (L) and right (R) DNA duplexes were labeled with the quencher dyes dabcyl (DAB) and BHQ-3, respectively, and titrations of all three (L, M and R) DMB fragments were done with UspDBD and/or EcRDBD protein. Data from the first step were analyzed by the nonlinear regression fitting according to Equations (1) and (2):
where: F l is the fluorescence intensity observed at wavelength; f 11 and f 12 are the specific fluorescence intensity of M at 518 and 691 nm respectively; f 21 and f (3) and (4):
where F is the observed fluorescence intensity; F MAX is the maximal value of the fluorescence intensity; F MIN is the fitted value of the minimal fluorescence intensity,
are the total concentrations of M, L and R, respectively. During the second step of the experiment, the equilibrium titration of all three fragments (L, M and R) of the protein was performed and monitored at 518 nm and 691 nm. Experimental points were fitted to Equations (5) and (6):
where, K appÀ5 (7) and (8), respectively (25, 27) :
The final determination of the protein-DNA microscopic k nn values is based on the simple model presented in Figure 1B . The assay involves equilibria between full-length DNA (DNA) and protein molecules (DNA-P5 0 and DNA-P3 0 ) described by the microscopic equilibrium constants k 11 and k 12 . Furthermore, the next equilibria between the DNA-P5 0 or DNA-P3 0 complex with the second protein molecule, both forming the dimeric protein-DNA complex (DNA-P5 0 -P3 0 ) described by constants k 21 and k 22 . k 11 and k 12 were determined in independent experiments in which the L-M duplex containing the left binding half-site and the M-R duplex containing the right binding-site, respectively, were titrated with UspDBD, UspDBDÁA or EcRDBD proteins. UspDBDÁA has a truncated A-box, and it binds hsp27 pal with an affinity similar to a wild-type protein (39) . Concentrations of specific types of DNA were calculated according to the scheme presented in Figure 1B and the following equations:
k 22 and k 21 constant values were obtained from K dÀ5 0 and K dÀ3 0 as described above for the unsplit regulatory element (L-M-R), assuming:
All numeric calculations were performed with the help of the nonlinear regression procedure of LevenbergMarquardt with Origin 7.5 software (OriginLab. Co., USA).
RESULTS
The molecular beacon-like assay proposed in this article contains two independent FRET pairs comprised of left (L) and right (R) oligonucleotide duplexes labeled with DAB and BHQ-3 quenchers, respectively, and a middle ss-oligonucleotide (M) labeled with donor dyes FL at the 5 0 -end and Cy5.5 at the 3 0 -end ( Figure 1A ). Hybridization of the three components creates the full-length regulatory element (15 bp) plus flanking sequences. The fluorescence emission spectrum of the doubly labeled M when excited at 497 nm has an emission maximum of 518 nm and when excited at 675 nm has a maximum of 691 nm. Separating the DAB and BHQ-3 absorption spectra led to the specific and effective quenching of FL by DAB and Cy5.5 by BHQ-3 (Supplementary Figure S1) .
The key for successful dual FRET assay application is the proper choice of fluorophore labels and their position in the DNA sequence. If FL and Cy5.5 are chosen as a pair, there is sufficient separation of the emission and absorption spectra (Supplementary Figure 1S) . The donor/quencher pairs FL/ DAB and Cy5.5/BHQ3 also fulfilled the conditions needed for distinct fluorescence quenching. In control experiments, we used oligonucleotides with different positions of fluorescence dyes. The DAB was placed at the 22 position of the full-length 64-bp sequence, FL at the 24 position, Cy5.5 at the 41 position and BHQ-3 at the 45 position (numbering according to Figure 1A) . This was the most effective placement and we continued to use these positions in further experiments. When the donor (FL-24) and quencher (DAB-23) probes were too close, quenching of the donor dye was blocked (Figure 2 , full circles) probably due to sterically blocked DNA association, while the second donor (Cy5.5-41) was effectively quenched by (BHQ-3-42) (Figure 2 , open squares). When there was too long of a distance between the labels (FL-24, DAB-20), the fluorescence quenching considerably decreased (not shown).
Further electrophoretic control experiments were done in order to confirm the accuracy of the model presented in Figure 1B Figure S2) . In lane 5, most of the unbound DNA (L) was titrated and the complexes LMU and LME are visible. EMSA experiments qualitively illustrated the weaker interaction of EcRDBD in comparison with UspDBD with fragments of the regulatory element. In lane 6, the unbound DNA (L) was almost totally titrated. Results similar to the L DNA duplex were obtained for the R duplex (lanes 7-11). Only at 4 C in lanes 10 and 11 one can see trace amounts of dimeric complexes (MRUE), even though the left binding half-site was absent, probably due to protein-protein interaction that forced nonspecific protein-DNA binding at high protein concentrations (Supplementary Figure S2) . The presence of L, R and M fragments induces higher molecular weight species with UspDBD and/or EcRDB such as LMRUU (lanes 13 and 14) , LMREE only at 4 C (Supplementary Figure S2 , lanes 15 and 16) and LMRUE (lanes 17 and 18) . In lanes 7-10 and 12-17, the MR and LM bands were visible only at a low temperature (4 C), which was needed to improve the quality of the EMSA experiments (Supplementary Figure 2S) . The result of the control experiment shown in the right panel of Figure 3 is in agreement with the data obtained previously (35) . An increasing amount of UspDBD and/ or EcRDBD added to the wild-type regulatory element hsp27 pal (32 bp) resulted in the formation of monomeric (hsp27U, hsp27E) and dimeric (hsp27UU, hsp27EE, hsp27UE) protein-DNA complexes. Barely visible bands in the left panel are probably a result of the low amount of corresponding complexes which were formed as a result of the different equilibria of the LM, RM, LMR DNA fragments. The fluorescence quenching of the FL or Cy5.5 fluorophores, both labeled the M fragment, resulted probably from the protein-induced annealing of the two oligonucleotides. No interaction of the UspDBD and/or EcRDBD proteins with the single DMB fragments (L, M or R) was observed in the EMSA experiments. Fluorescence spectra in Figure 4 were normalized to 100% (primary data were in c.p.s.). Protein titration curves ( Figure 4A-F C on a 12% nondenaturing polyacrylamide gel of DMB fragments with UspDBD (U) and/or EcRDBD (E) (left panel). EMSA titration of the control 32-bp dsDNA containing an intact ecdysteroid receptor binding site with UspDBD and/or EcRDBD (right panel). '+' denotes 60 pmol (2.4 mM concentration), '++' denotes 120pmol (4.8 mM concentration). Gels were stained with Stains-All dye as described in 'Materials and Methods' section. Lane 1, molecular mass standards; L denotes the left DNA duplex; R the right DNA duplex and M the middle ssDNA; U denotes UspDBD; E is EcRDBD; UU is UspDBD dimer; EE is EcRDBD dimer; and L/R is the left and/ or right DNA duplex. Samples were incubated for 30 min before loading on to the gel. oligos. It indicates the existence of a small fraction of the reconstituted 5 0 and/or 3 0 half-sites. Taking into account the assumption that UspDBD and EcRDBD preferentially bind 5 0 and 3 0 regulatory element half-sites, respectively (13) one can conclude that the proteins bind to the respective half-sites, shift the equilibrium and promote reconstruction of the full length hsp27 (more complexes of LM and MR occupied with the protein excess).
In the first step of the quantitative analysis using the DMB assay, titration of the donor-labeled central element (M) ( Figure 1A were 23.70 ± 1.55 nM and 6.17 ± 0.27 nM, respectively. The second step of the analysis was based on the titration of a mixture of the DMB fragments with UspDBD and EcRDBD. The titration curves and the fit of the data points to the model described by Equations (5) and (6) (7) and (8) (Table 1) . Also, the K appÀ5 0 and K appÀ3 0 values were obtained in the presence of UspDBD and consequently the K dÀ5 0 for UspDBD-hsp27 pal-5' and K dÀ3 0 for UspDBD-hsp27 palÀ3 0 complex formation. In the last step of the analysis, using Equations (9-12), we determined the microscopic dissociation constants k 11 , k 12 , k 21 , k 22 and the cooperativity factors, !, describing the association of the full-length (L-M-R) hsp27 pal element with DNA binding proteins, i.e. the association of a monomeric protein in the absence (k 11 , k 12 ) or presence (k 21 , k 22 ) of a partner ( Figure 1B , Table 2 ). The experiment was performed by titrating a solution containing L, M or M, R DNA fragments ( Figure 1A) with UspDBD or EcRDBD ( Figure 4M-O) . The excellent fit of the experimental data shown in Figure 4 indicate that the model illustrated in Figure 1 B is sufficient to describe the DMB assay in the presence of dimeric protein.
Analysis of the dissociation constants obtained with the DMB showed new properties of the ecdysteroid receptor. UspDBD has higher affinity to both the 5 0 and 3 0 half-sites than EcRDBD in the absence of the second half-site (k 11 , k 22 ). The biggest change in affinity to the 3 0 half-site was induced by EcRDBD when the 5 0 half-site was occupied (k 21 against k 12 ). UspDBD in the presence of EcRDBD showed a higher affinity to the 5 0 half-site when the 3 0 half-site was occupied (compare k 22 with k 11 ). EcRDBD showed a higher affinity to the 3 0 half-site when the 5 0 half-site was occupied (k 21 with k 12 ). EcRDBD formed a homodimeric complex on the hsp27 pal element with greater affinity than UspDBD (k 21 for both proteins) when the 5 0 half-site was occupied. UspDBDÁA caused a negative effect on the heterodimerization with EcRDBD in comparison with the wild-type protein (k 21 and k 22 of the heterodimer formation).
To examine DMB sensitivity and the ability to distinguish between mutant proteins with different activities, we decided to use variants of UspDBD, i.e. UspDBDÁA, as a positive control and nonbonding UspDBDV71A as a negative control. Single-point mutated UspDBD protein with Ala at position 71 instead of Val was previously shown to be essential for preserving the native protein structure and a significantly lower affinity to hsp27 pal (17, 18, 40) .
DISCUSSION
The process of protein heterodimerization facilitates receptor binding to the HRE, increases the specificity of complex formation and enables the differentiation of the HRE from target sequences for homodimeric receptors (41) . It is also essential for binding repressor complexes (42) . Most nuclear receptors dimerize by cooperatively binding their DBDs to the regulatory elements. Moreover, dimerization of DBDs is strictly dependent (45) . In addition, differences in the EMSA results obtained at 4 C and 25 C (Figure 3 and Supplementary  Figure 2S ), probably stem from the relatively low stability of EcRDBD protein at 25 C in relation to UspDBD (46) . It is also possible to more easily determine dissociation constants and the bonding stoichiometry of simple 1:1 protein DNA complexes using the fluorescence anisotropy methodology (47) . A serious disadvantage of the widely used fluorescence anisotropy measurements is that they are not sufficiently sensitive, because of small changes in the anisotropy signal during the formation of a protein-DNA complex (48) (49) (50) (51) . The problem of calculating the dissociation constants (K d ) grows with the complexity of the examined set of molecules.
The new DMB technology presented in this paper provides sensitive detection of heterodimeric protein activity in a way that could be easily applied to determine dissociation constants. The protein detection is done using inexpensive, easily synthesized oligonucleotides, accompanied by a fluorescence readout. An important point is that detecting the two targeted proteins and reporting the signal occur simultaneously and independently, increasing the potential for using this technology in high throughput analysis. DMB methodology was successfully applied to the detection and quantitative analysis of the sequence-specific interaction of a natural hsp27 pal response element with UspDBD and EcRDBD in a way that could be readily applied to real-time imaging or to biosensors. Our results are consistent with those obtained by conventional fluorescence titrations and by FRET measurements with molecular beacons (17, 18) and confirmed the earlier published results of EMSA experiments, which showed that dimer 5 0 UspDBD-3 0 EcRDBD is formed in a preferential way on the regulatory element and that the UspDBDÁA mutant demonstrates a slightly lower affinity to the regulatory element than the wild-type protein (13) . Equilibrium data presented in this article demonstrates the validity of the model presented in Figure 1B and indicates the usefulness of the assay, which may be applied as a standard MB for biosensor preparation and for quantitative analysis of the interaction of dimeric receptors with a target regulatory sequence. The analysis of the microscopic dissociation constants obtained with the DMB led to interesting conclusions that show new properties of the receptor and the role of an individual protein in the formation of an active complex. For example, there was increased affinity to the regulatory element induced by EcRDBD when the 5 0 half-site was occupied, increased affinity of UspDBD in the presence of EcRDBD to the 5 0 half-site when the 3 0 half-site was occupied and increased affinity of EcRDBD to the 3 0 half-site when the 5 0 half-site was occupied. This cooperative effect is described by the respective constants (!), which show that protein-DNA interactions are strongly influenced by protein-protein interactions (Table 2) .
It was previously shown with EMSA experiments that protein-protein interactions also mediate cooperative binding of the glucocorticoid receptor DBD, a member of a family of transcription factors (52, 53) . The authors showed that binding to a low affinity half-site is dependent on the previous occupancy of the high affinity half-site. However, the calculation of the extent of the cooperation was based on a nonequilibrium assay and the assumption of two identical binding sites, which may not be valid. Our technique is free of such assumptions and shows the anisotropy of the formation of the protein-DNA complex and the cross-talk effect of the EcRDBD protein with UspDBD ( Table 2 ). The highest values of the !-factor were observed for the formation of the heterodimeric complex EcRDBD-UspDBD-hsp27 pal in comparison with homodimeric complexes and complexes with UspDBDÁA. Our data allowed us to precisely distinguish between the HRE half-sites.
